1. Introduction {#sec1}
===============

Coal with low thermal conductivity affects heat transfer in the interior of the Earth and cause underlying rocks to reach higher thermal maturities in a basin with igneous activity.^[@ref1],[@ref2]^ Coals act as thermal insulators in an igneous intrusion region and enhance the geothermal gradients of underlying units.^[@ref3]^ Previous researches show that thermal conductivity decreases with increasing coal rank from lignite to bituminous coals, but it increases for anthracite. The moisture and minerals contribute to the thermal conductivity of a coal except for anthracite.^[@ref4]^ These investigations of thermal conductivity for coals were mostly reported around in the year 2000, whereas further studies are demanded currently due to the new thermal applications in coalbed, such as thermally enhanced gas recovery,^[@ref5],[@ref6]^ coalfield fire estimation,^[@ref7],[@ref8]^ coal mine geothermal utilization,^[@ref9],[@ref10]^ and underground coal gasification.^[@ref11],[@ref12]^

For coals, the bedding planes are visible and delimitated by obvious lithotypes. As references, the investigations on thermal conductivity of laminated metamorphic rocks and clay stones are focused on their anisotropy that affects the thermal regimes of a sedimentary basin.^[@ref13],[@ref14]^ Heat preferentially transports in a direction parallel to the bedding planes of rocks.^[@ref15],[@ref16]^ In the process of diagenetic compaction, the long axis of individual clay particles becomes oriented parallel to bedding planes, resulting in a horizontal matrix conductivity increase and a vertical matrix conductivity decrease.^[@ref17],[@ref18]^ By contrast, sandstones and granite are relatively isotropic and easily influenced by moisture, porosity, and pressure in thermal conductivity.^[@ref19]−[@ref21]^ Their thermal conductivities increase with increasing pressure and moisture content^[@ref22],[@ref23]^ and with decreasing porosity.^[@ref24]^

Coal has a complex organic macromolecular structure in the microscopic level and a layer structure in the macroscopic level. However, few researchers focus on the chemical structure control and bedding effect of coal on thermal conductivity. In this paper, the variation of thermal conductivity with rank and their anisotropy were investigated. Also, the control mechanism at a molecular level was discussed.

2. Experiments {#sec2}
==============

Three tested coals including high-volatile bituminous coal, semi-anthracite, and anthracite were collected from the Shanxi Formation (Early Permian), in Inner Mongolia, and Shanxi Province (the latter two), China. These samples are all bright coals with primary structure. The petrography and proximate analysis data are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Coal Petrography and Proximate Analysis Data[a](#t1fn1){ref-type="table-fn"}

                                         components, vol (%)   proximate analysis, wt (%)                                         
  ------------------------------- ------ --------------------- ---------------------------- ------ ------- ------ ------- ------- -------
  high-volatile bituminous coal   0.99   56.89                 17.52                        6.89   18.70   1.14   14.53   32.23   60.68
  semi-anthracite                 2.23   87.3                  9.2                          0.8    2.7     1.38   7.39    13.28   79.29
  anthracite                      2.97   70.12                 25.85                        0      4.03    0.73   10.88   6.5     83.33

Mad, moisture on an air-dried basis; Ad, ash on a dry basis; Vdaf, volatile on a dry, mineral-matter-free basis; FCd, fixed carbon content on a dry basis.

The test samples were cut into plates with a parameter of 40 mm × 35 mm × 8 mm, and a maximum-size surface perpendicular to coal beddings was polished. The thermal conductivity of coals was measured by a thermal analyzer (CT3200, XIATECH, China) based on the thermal line method. Each kind of coal needs two plates to nip a thermal line/sensor with the polished surface, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The thermal line/sensor is both the thermal source and thermal sensor, which can load a constant heat and improve the temperature of coals. The thermal conductivity of coal is calculated through monitoring the process of the temperature increase by a thermal sensor. The control equation is:Where *T* is the temperature, K; *t* is thermal diffusion coefficient of a medium, m^2^/s; *a* = λ/ρ*C*~p~, λ is the thermal conductivity of a medium, W/(m·K); ρ and *C*~p~ are the medium density and specific heat at constant pressure, respectively.

![Sketch map of thermal conductivity measurement. (a) Relative position between samples and thermal line. (b) Linear relationship beween Δ*T* and *t* for a sample.](ao0c02281_0001){#fig1}

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b shows a linear relationship between Δ*T* and *t* for a sample, which confirms a correct and valid measurement. Heat transports from the thermal line to all around and forms a radiation cylinder ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). If the thermal line is perpendicular to coal beddings as displayed in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, heat will mainly flow parallel to coal beddings and the corresponding thermal conductivity (λ~par~) will be calculated. On the contrary, most heat will transport perpendicular to coal beddings and their thermal conductivity is labeled λ~perp~. The anisotropy ratio of thermal conductivity, *A*, is defined as the ratio of λ~par~ to λ~perp~, namely *A* = λ~par~/λ~perp~.

Coal samples were tested both on dry and water-adsorbed conditions. During measurements, dried coals were first probed at 30, 50, 100, and 150 °C. Then, these coals were put in an isothermal bath with the saturated solution of Na~2~SO~4~ for 7 days. The water-adsorbed coals were only measured at 30 °C to avoid the effect of moisture loss over time.

The mineral matters were determined by low temperature ashing and D8 ADVANCE X-ray diffraction made by Bruker. An AVANCE III HD ^13^C nuclear magnetic resonance (NMR) made by Bruker, Germany, were used to analyze the molecular structures based on the spectra. Also, a JEM-2100F high-resolution transmission electron microscope (HRTEM) (Bruker, Germany) was used to observe the coal aromatic fringes.

3. Results {#sec3}
==========

3.1. Variation with Coal Rank {#sec3.1}
-----------------------------

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the relationship between thermal conductivities and coal rank where most of the data plotted are collected from the literature reported by Herrin and Deming,^[@ref4]^ and others are those measured at 30 °C in this work ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). The tendency analyzed here is different from the above literature. It is not neglected that a slow increase stage approximately ranging from 1.0 to 2.3% (V*R*~o,max~) exists in the evolution of thermal conductivity with increasing rank.

![Relationship between thermal conductivity and coal rank.](ao0c02281_0002){#fig2}

###### Thermal Conductivity (λ) Data Collected and Measured in this Work

  ----------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------
  *C*, wt %   11.1   14.0   22.3   25.2   29.3   29.4   30.1   30.5   34.5   34.8   35.1   36.4   37.1   40.4   40.5   40.6
  λ, W/m·K    0.48   0.41   0.42   0.42   0.40   0.40   0.43   0.39   0.41   0.39   0.36   0.39   0.35   0.35   0.35   0.31
  *C*, wt %   40.8   41.3   41.7   42.3   42.9   43.3   43.7   44.7   45.4   45.7   47.1   47.1   47.3   47.5   49.9   50.1
  λ, W/m·K    0.31   0.35   0.38   0.31   0.31   0.31   0.35   0.32   0.31   0.37   0.31   0.31   0.26   0.34   0.27   0.27
  *C*, wt %   50.3   51.0   51.6   52.2   52.3   55.3   55.8   56.9   60.7   66.4   69.5   73.3   79.3   82.6   83.3   84.2
  λ, W/m·K    0.27   0.26   0.28   0.27   0.28   0.26   0.26   0.27   0.22   0.22   0.25   0.24   0.23   0.44   0.37   0.55
  ----------- ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------ ------

Thermal conductivities against both carbon content and V*R*~o,max~ are plotted in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, which could cover the shortages of each other. The carbon content with a large range before medium volatile bituminous coals could clearly display the former trend with increasing rank, and the V*R*~o,max~ could show the latter stage clearer. This tendency is divided into three stages with increasing coal rank. In the first stage, the thermal conductivity decreases due to moisture reducing over the rank until around the boundary between high-volatile bituminous coal and medium-volatile bituminous coal.^[@ref4]^ For the second stage, the subsequent increase is slightly in the range from medium volatile bituminous coal to semi-anthracite. The beginning of a sharp increase of thermal conductivities appears at anthracite, which indicates the third stage of evolution of the thermal conductivity.

Interesting results show that coals in the second stage of thermal conductivity experience the second coalification jump. In this stage, the oxygen markedly reduces in the process of coalification accompanied by an especially strong aromatization and ring condensation of the coal molecule.^[@ref25]^ The optical anisotropy of vitrinite appears and rises due to the progressive adjustment of the predominantly aromatic molecule in the bedding plane on the condition of increasing load pressure.^[@ref26]^

The samples of high-volatile bituminous coal and semi-anthracite in this work distribute at the boundary of these three stages. Their thermal conductivities have a slight difference, which describes the characteristics of the second stage in this study, while the anthracite with a higher value of thermal conductivity belongs to the third stage.

3.2. Specific Tendency {#sec3.2}
----------------------

Thermal conductivities both parallel and perpendicular to coal beddings were measured and plotted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} with the same coordinate system. The samples with adsorbed water are also displayed here in gray background, which distinguish from those dried coals measured at different temperatures. All coals have higher thermal conductivities along bedding planes than when perpendicular to beddings. No matter whether thermal conductivities are parallel to beddings or perpendicular to beddings, the value of anthracite is much higher than both the high-volatile bituminous coal and semi-anthracite on each temperature condition. Also, the value of the semi-anthracite is slightly higher than high-volatile bituminous coal. This trend agrees with the general tendency as summarized in [section [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"}.

![Specific trend of thermal conductivity measured in this study. (a) λ parallel to the bedding. (b) λ perpendicular to the bedding.](ao0c02281_0003){#fig3}

Coal samples with adsorbed water have higher thermal conductivities than the dry samples at 30 °C, which consists with research conducted by Herrin and Deming 4. Water with 0.6 W/m·K of thermal conductivity at room temperature is an important factor to affect heat flow in porous rocks.^[@ref22],[@ref24]^ It could replace some air that is 0.03 W/m·K at room temperature in pores and improve the thermal conductivity of samples. Therefore, the thermal conductivity of each coal with adsorbed water is improved, while their rank is not changed.

With increasing temperature, coal thermal conductivity slightly improves entirely ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, the thermal conductivities of high-volatile bituminous coal and semi-anthracite are much closer than those parallel to beddings ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a). The increment of thermal conductivity with temperature appears nonlinear, which reflects different sensitivities of coals to each temperature. An equation is created to evaluate the sensitivity (*k*) as follows,where *k*~i~ is the sensitivity coefficient of thermal conductivity at *T*~i~ temperature. λ~i~ is the thermal conductivity at *T*~i~ temperature. λ~0~ is the thermal conductivity at *T*~0~ (303.15 K) temperature. The results are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### Temperature Sensitivity of Thermal Conductivity for each Coal (K^--1^)

        perpendicular to beddings   parallel to beddings                                    
  ----- --------------------------- ---------------------- ---------- ---------- ---------- ----------
  50    0.001753                    0.001482               0.002908   0.002349   0.001046   0.000637
  100   0.001217                    0.000713               0.001390   0.000839   0.001152   0.000784
  150   0.001134                    0.001098               0.001176   0.000948   0.000804   0.000986

High-volatile bituminous coal.

The results show that the thermal conductivities of coals perpendicular to beddings are generally more sensitive to temperature than those parallel to beddings ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), especially that of the anthracite. A temperature of 50 °C is the most sensitive for thermal conductivities perpendicular to beddings. Also, the sensitivity shows a decline in a higher temperature. In other words, although temperature can improve the thermal conductivity perpendicular to coal beddings, it can also disturb heat to flow orderly in coals. Compared with the sensitive temperatures of coals parallel to beddings, the high-volatile bituminous coal, semi-anthracite coal, and anthracite have different values, which are 50, 100 and 150 °C, respectively. This is an interesting finding that needs further study in the future. It displays that the sensitivity of anthracite is the highest when heat flow perpendicular to beddings, but lowest when heat flows parallel to beddings. This character also verifies the existence of anisotropy of coal thermal conductivity.

3.3. Anisotropy of Thermal Conductivity {#sec3.3}
---------------------------------------

In order to investigate the anisotropy of thermal conductivity, an anisotropy ratio (*A*) is defined as *A* = λ~perp~/λ~para~. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} illustrates the anisotropy ratio of coals on different conditions. Among these dried coals, the anisotropy degree of anthracite is the highest following the semi-anthracite. Also, the high-volatile bituminous coal has the lowest anisotropy degree of thermal conductivity. The degrees of anisotropy in orthogonal directions are different and nonlinear with increasing temperature due to the different sensitive temperatures in orthogonal directions. The temperatures corresponding to the strongest sensitivity of thermal conductivity parallel to beddings are the same with that corresponding to the highest anisotropic degree except anthracite. In fact, the anisotropic degree of the anthracite is also depressed at 150 °C.

![Anisotropy of thermal conductivity of each coal on different conditions.](ao0c02281_0004){#fig4}

Comparing water-adsorbed coals with dried coals ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), water weaken the anisotropy of thermal conductivity of coals except semi-anthracite due to the different minerals in organic matrix. The phyllosilicate clay is the major composition among inorganic minerals. The content of each kind of clay minerals are listed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}, which shows that the high-volatile bituminous coal and anthracite have similar kinds and content of clay minerals including higher content of illite--smectite mixed layers that will increase greatly in volume when absorbing water. The swelling not only weakens the anisotropy but also drive air out of coals. However, kaolinite has a low shrink--swell capacity and water absorbing capacity but has a high anisotropy of thermal conductivity due to the orientation of platelets that is parallel to beddings. Absorbed water filled in the voids between kaolinite minerals and organic matrix, which improves the capacity of heat transfers through kaolinite from organic matrix (Dao et al.;^[@ref14]^ Bourret et al.^[@ref18]^). Therefore, the anisotropy of thermal conductivity of the entire coal is increased when it absorbs water.

###### Content of Phyllosilicate Clay in Tested Coals wt, %[a](#t4fn1){ref-type="table-fn"}

                                       relative content of each kind of clay mineral                      
  ------------------------------- ---- ----------------------------------------------- ---- ---- ---- --- ----
  high-volatile bituminous coal   75   25                                              22   50   10   3   50
  semi-anthracite                 79   92                                              3    5              
  anthracite                      81   28                                              27   42   15   3   50

K: kaolinite, C: chlorite, I: illite, S: smectite, I/S: illite--smectite mixed layer, C/S: chlorite--smectite mixed layer.

4. Discussions {#sec4}
==============

Herrin and Deming reported that the thermal conductivity of coals is affected by macro factors such as coal rank, density, and moisture.^[@ref4]^ Essentially, it is controlled by the molecular structure of coals at the microscale for different ranks of coals. Atom vibrations that are called phonons contribute to thermal energy storage and heat transfer^[@ref27],[@ref28]^ in the molecule. Hence, the relationships between the thermal conductivity and chemical-structural properties of coals determined by solid state ^13^C NMR (solid state ^13^C nuclear magnetic resonance spectroscopy) and HRTEM (high resolution transmission electron microscopy) techniques are discussed here. These chemical structure parameters of coals have been widely investigated for charactering the macromolecular structure of coals.^[@ref29]−[@ref33]^ Partial data from the previous research were collected and combined with the data of thermal conductivity to find a statistical tendency.

4.1. Chemical Structure Control {#sec4.1}
-------------------------------

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the ^13^C CP-MAS interrupted ^1^H decoupling (DD-MAS) NMR spectra of a coal, which is assigned to each functional group according to Solum et al.'s and Okolo et al.'s reports.^[@ref34],[@ref35]^ An aromatic region *f*~a~ (90--240 ppm) and an aliphatic region *f*~al~ (0--90 ppm) can be distinguished clearly over chemical shift ranges. A total of 12 parameters relating to the carbon skeletal structure are subdivided from the regions such as the main aromatic ring region *f*′ a, bridge head carbon *f*B a, aromatic ring carbon with an attached oxygen *f*P a, aromatic ring carbons with an attached alkyle group *f*S a, methyl groups *f*\* al, methylene plus methine groups *f*H al, and so on.

![Peak separation and assignment for chemical shifts of a coal sample.](ao0c02281_0005){#fig5}

According to these parameters, lattice parameters of coals are derived by Solum et al. who assumed coal macromolecular fragments consist of an aromatic cluster with side chains and bridging groups that link the condensed aromatic clusters.^[@ref36]^ For a given composition, lattice vibrations make more contributions to heat flow, which result in the thermal conductivity in a crystal being higher than in an amorphous solid. Therefore, we pay more attention on the lattice parameters of crystallitic coals including the mole fraction of aromatic bridgehead carbons χ~b~, the number of side chains per cluster S.C., and the proportion of all possible aliphatic bridges in aliphatic carbons A.B.. An increase of χ~b~ indicates the growth of a condensed aromatic ring in size.^[@ref35]^ And S.C. refers to an aliphatic chain attached to an aromatic cluster and assumed to end in a single methyl group. The parameter of A.B. is defined as follows:Here, *f*~a~^P^ + *f*~a~^S^ is all the attachments including aliphatic bridges and side chain. A.B. indicates the proportion of all possible aliphatic attachments except side chains, namely aliphatic bridges, in aliphatic groups.

The relationships between these three lattice parameters and thermal conductivity of coals is shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. An outlier exits in the each diagram, which is ignored here due to an uncertain reason to be determined. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a depicts a positive correlation between the mole fraction of aromatic bridgehead carbons and thermal conductivity of coals. This trend indicates that the size growth of polycondensed aromatic ring contributes to heat flow in coals. Polycondensed aromatic rings in a coal are the crystallites that transfer thermal energy and rely on lattice vibrations.^[@ref27]^ This provides an essential reason why a larger size of polycondensed aromatic ring has a higher thermal conductivity.

![Plots of thermal conductivity to structural parameters of coals ^13^C NMR provided.](ao0c02281_0006){#fig6}

Heat transfer in coal relies on continuous atom vibrations. Phonon collisions with grain boundary may cause the phonons to scatter and slow down the energy transport.^[@ref28]^ The free-ended side chains (S.C.) impede heat transfer from an aromatic cluster to another one. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows a negative correlation between the number of side chains per cluster and thermal conductivity of coals. In contrast, aliphatic bridges (A.B.) among aromatic clusters ensure the continuity of atom vibrations and contribute to energy transport, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c.

For the tested samples in this work, the differences of the lattice parameters between anthracite and semi-anthracite coal are all more than 1.5 times greater than the differences between semi-anthracite coal and bituminous coal ([Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}). This value reflects that the lattice parameters of semi-anthracite are closer to bituminous coal than to anthracite. Therefore, the thermal conductivity of semi-anthracite coal is close to bituminous coal, and anthracite coal has a higher thermal conductivity with a higher value of lattice parameters.

###### Solid State ^13^C NMR Structural and Derived Lattice Parameters of Tested Samples

  sample            *f*~a~   *f*~a~^′^   *f*~a~^H^   *f*~a~^N^   *f*~a~^B^   *f*~a~^C^   *f*~a~^P^   *f*~a~^S^   *f*~al~   *f*~al~^\*^   χ~b~    S.C.    A.B.
  ----------------- -------- ----------- ----------- ----------- ----------- ----------- ----------- ----------- --------- ------------- ------- ------- -------
  bituminous coal   0.676    0.633       0.344       0.290       0.170       0.043       0.033       0.087       0.324     0.113         0.267   2.296   0.024
  semi-anthracite   0.805    0.769       0.407       0.362       0.238       0.036       0.008       0.116       0.195     0.086         0.309   1.694   0.196
  anthracite        0.859    0.814       0.397       0.418       0.310       0.045       0.012       0.096       0.141     0.033         0.381   0.755   0.532

4.2. Lattice Structure Control {#sec4.2}
------------------------------

Besides the lattice parameters, well-organized aromatic clusters are characteristics of a coal evolution to a crystal of graphite that has a much higher thermal conductivity. Multiple aromatic fringes are extracted from HRTEM digital images after processing by Image Processing Toolkit within Photoshop software ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). A same size region of image was selected to analyze for the three HRTEM micrographs with the same magnification. The micrographs were obtained on thin and sharp-edged demineralized fine coal particles. The lattice fringes show that all the coals are long-term disordered although with a short-term order ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). The short-term order of lattice fringes is more evident for the anthracite. Regional stacking generally occurs in all the coal lattice structures ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}), especially in the anthracite.

![HRTEM micrographs and selection regions (left), lattice fringes showing skeleton information (middle), and rose diagrams showing orientation for tested coals.](ao0c02281_0007){#fig7}

Generally, molecular-level orientation such as lattice fringes alignment imparts behavioral anisotropy. Mathews et al. assumed that the dominant angle of lattice fringes is aligned parallel with the bedding plane of coal.^[@ref37]^ The rose diagrams in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} illustrate that the lattice fringes of both bituminous coal and semi-anthracite have two clear orientations, which indicate a relative random arrangement of polycondensed aromatic rings. The disordered distribution of lattice fringes weakens the anisotropy of thermal conductivity of the bituminous coal and anthracite coal. On the contrary, the lattice fringes of the anthracite have a concentrated range of angle. These fringes with the approximate angle result in easier phonon transferring along the fringes, whereas scattering perpendicular to fringes are easy due to more grain boundaries.

The number of lattice fringes in selected region are 1012 for the bituminous coal, 993 for the semi-anthracite coal, and 566 for the anthracite. The fringe length indicates the shape of the aromatic ring based on previous studies.^[@ref35],[@ref38]^ Their frequency of occurrence in the lattice fringes population is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The bituminous coal and semi-anthracite coal have similar types of aromatic rings with more benzene, naphthalene, and anthracene (especially naphthalene) than the anthracite. However, the other larger aromatic rings are more for the anthracite than for the bituminous coal and semi-anthracite coal. This result is consistent with the former conclusion by ^13^C NMR analysis.

![Distribution of condensed aromatic rings based on HRTEM image analysis.](ao0c02281_0008){#fig8}

5. Conclusions {#sec5}
==============

The thermal conductivity of three ranks of Chinese coals and their control in molecular scale were studied by thermal analyzer, solid state ^13^C NMR, and HRTEM techniques.

Three stages of thermal conductivity evolution are classified---decrease, slight increase, and sharp increase with the rank of coals. The corresponding boundaries are at high-volatile bituminous coal and semi-anthracite coal. Coals have higher thermal conductivity along the bedding plane than perpendicular to beddings. With increasing temperature, coal thermal conductivity slightly improves entirely with different temperature sensitivities. The anisotropy degree in orthogonal directions increases with the rank of coals. Also, clay minerals could affect the anisotropy of water-adsorbed coals.

Molecular structure controls the thermal conductivity of different ranks of coals. The size growth of polycondensed aromatic ring improves the thermal conductivity since lattice vibrations contribute to heat flow. The aliphatic bridges (A.B.) among aromatic clusters ensure the continuity of atom vibrations and contribute to energy transport. However, the free-ended side chains (S.C.) impede heat transfer from an aromatic cluster to another one. The disordered distribution of lattice fringes weakens the anisotropy of thermal conductivity of the bituminous coal and anthracite coal.
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